We propose and experimentally demonstrate a series of L n slot photonic crystal (PhC) microcavities, which operate as refractive index (RI) gas sensors. The cavities are simply composed of a silicon slab triangular photonic crystal with n holes replaced by a slot, which do not require sophisticated design or high fabrication resolution. With the increase in n, the quality factor of the cavity exponentially increases, which is explained by the envelope of electric field approaching a Gaussian profile. An L 9 slot PhC microcavity with a quality factor exceeding 30 000, sensitivity of 421 nm per RI unit (RIU), and detection limit down to 1 Â 10 À5 RIU was experimentally demonstrated. The performance of the device is comparable with other fine-tuned PhC microcavity structures. Due to its simple structure and high fabrication tolerance, it could have wide applications in optical sensors.
Introduction
Photonic crystal (PhC) microcavities have wide applications in various fields, such as lasers [1] , [2] , optical switching [3] , [4] , cavity quantum electrodynamics [5] , and bio-chemical sensing [6] - [9] , due to their strong field confinement, high quality factors ðQÞ and small modal volumes. When an air slot is introduced into the PhC microcavity, the electric field discontinuity at the interface with large refractive index (RI) contrast enables higher optical confinement inside the area of low refractive index material [10] . This property enhances the light-matter interaction and results in a high sensitivity towards the local change of the environment. Through the resonant wavelength shift induced by the change of the RI in the slot, high Q PhC microcavities are widely utilized as chemical and biological sensors to detect gases [11] , [12] , solutions [13] - [17] , and bio-molecules [18] . Compared to other types of RI sensors, such as multiple optical mode waveguides [19] , Mach-Zehnder interferometers [20] and Young Interferometers [21] , slot PhC bio-chemical sensors have advantages of small size, high sensitivity, and CMOS compatibility.
For bio-chemical sensing, sensitivity and detection limit (DL) are two important parameters for evaluating sensing abilities. Sensitivity is defined as the ratio between the shift of resonant wavelength and the change of local RI and expressed as [22] 
where S is the sensitivity, À is the spatial overlap factor between the cavity mode and the analyte, r is the cavity resonant wavelength, and n eff is the effective RI experienced by the cavity mode. In order to increase sensitivity, an additional air slot is introduced, which not only enlarges À, but also decreases n eff [23] , [24] . DL characterizes the smallest possible spectral shift that can be accurately measured and is defined as [25] 
where R is the sensor resolution, and " _ /" means "approximately proportional to." Equation (2) indicates that a smaller DL can be obtained by increasing S and Q. Thus, both high S and Q are pursued in designing the cavity. In Table 1 in the next section, we list the S, Q, and DL of some PhC cavities that have been reported in the literature. From the table, the heterostructure cavity [26] has the highest Q among all the PhC structures. However, this kind of cavity needs to be carefully optimized and finely tuned in order to achieve ultrahigh Q, and as a result they have a low tolerance to fabrication deviation. For example, the ultimate Q reduces to one eighth of the ideal value when only 1 nm standard deviation is introduced to hole radii [27] . Thus, the fabrication of heterostructure PhC sensors requires sophisticated high resolution, which has limited its development.
In this paper, an L n ðn > 3Þ microcavity with an air slot, which we refer to as an L n slot microcavity, was designed and fabricated as a gas sensor. This cavity is simply composed of a slab triangular photonic crystal with n holes in a line replaced by a slot. With the increase of n, the quality factor of the cavity increases exponentially. Importantly, the cavity doesn't require precise nanofabrication technology. Without any geometrical fine tuning, we demonstrate experimentally an L 9 slot microcavity based gas sensor with a Q $ 32900, S $ 421 nm/RIU, and DL $ 1 Â 10 À5 RIU, which is the best result for a non-heterostructure PhC sensor.
Device Design and Analysis
To obtain a high Q slab PhC microcavity, the electric fields of the cavity mode should be gently confined and possess a Gaussian-like envelope [26] , [28] , which is usually achieved by carefully modifying the microcavity structure [24] , [29] . Here, we propose that the electric fields of L n slot microcavities are naturally asymptotic to the Gaussian-like envelope when n becomes larger. A slab PhC with a triangular periodic array of air holes in silicon-on-insulator (SOI) was chosen to build an L n slot microcavity. The cavity consists of n missing air holes in a line and an air slot links the holes at both ends of the cavity. Fig. 1(a) and (b) are sketches of the L 3 and L 9 slot microcavities. A three-dimensional finite difference time domain method (3D FDTD, RSoft design) was used to evaluate the mode properties. According to the experiment configuration, here we chose the slab RI as 3.4, the slab thickness as 204 nm, the hole radius and slot width as 0:29a and 0:16a respectively, where a ¼ 524 nm is the periodic constant of the PhC. Only TE-like waves are considered here.
The dependence of Q and resonant wavelength on the number n of L n slot microcavities is shown in Fig. 1(c) . The resonant wavelength is slightly red-shift as the cavity length increases. It can be seen that the Q shows an exponential growth with increasing n, where Q $ 3 Â 10 3 for the L 3 slot microcavity, Q $ 1 Â 10 4 for the L 5 slot microcavity, and Q exceeds 10
Þ for the L 9 slot microcavity. This result from the larger L n slot microcavity presenting a gentler confinement to the electric field, which in turn leads to stronger field localization and smaller energy leakage. This point is also verified by Fig. 1(d) and (e). Compared to the electric field of the L 3 slot microcavity, the field of the L 9 slot microcavity shows a better fit to the Gaussian envelope. The E y distributions of L 3 and L 9 slot microcavities at the center of the slab are plotted as insets in Fig. 1(d) and (e). The existence of the air slot enhances E y since the electric displacement D y is continuous across the slot boundary. As a result, the field can be highly localized in the air region of the slot microcavity, which improves the sensitivity to the change of the environment in the slot. The mode volume ðV Þ of the L 9 slot microcavity is only 0.086 m 3 , and Q=V $ 1:6 Â 10 6 m À3 . For the L 9 slot cavity, the spatial overlap factor is 61.7%. When n changes from 3 to 11, the change of the spatial overlap factor is less than 6%. This means that the performance of the L n slot cavity is mainly determined by the quality factor according to (2) . Next, we studied the sensing performance of an L 9 slot microcavity. Fig. 2(a) shows the resonant wavelength and Q of the L 9 slot microcavity under different gas background when the slot width is 0:16a. The resonant wavelength has a linear red-shift as the gas RI varies from 1.0 to 1.0008, while the Q decreases a little. The sensitivity is 417 nm/RIU according to (1) . It is worth mentioning that n > 9 makes no significant difference to the sensitivity, i.e., the simulated sensitivity of an L 13 slot microcavity is 423 nm/RIU, because the spatial overlap factor is nearly the same. Fig. 2(b) illustrates the relationship between sensitivity and slot width. As the slot width increases, the resonant wavelength blue shifts and the sensitivity decreases slightly because the effective RI reduces and the cavity mode moves toward the air band. The structure also exhibits a high fabrication tolerance since the sensitivity only fluctuates AE1.7% when the slot width varies from 0:13a to 0:2a (68 nm to 105 nm). Moreover, according to (2) , the DL of the cavity is as low as 3:3 Â 10 À6 RIU, when we take 34.9 dB for the signal to noise ratio (SNR) and 1 pm for the spectrum resolution. The experimental DL is estimated to be 1:0 Â 10 À5 RIU (see the Experiment section). Therefore, the L 9 slot microcavity possesses high resolution, high sensitivity and low DL compared to other finely tuned PhC sensors (see Table 1 ). This is the best reported performance for a non-heterostructure PhC sensor. A higher Q and smaller DL can be obtained by further increasing n, but this will also increase the divergence angle slightly and make the cavity more fragile.
Fabrication and Optical Characterization of the Device
L n slot microcavities were fabricated on a silicon-on-insulator wafer (SOITEC Inc.). The top silicon layer is 220 nm. Electron beam lithography (Vistec EBPG 5000 plus) was applied to define the patterns on ZEP-520A positive-tone electron-beam resist with 100 pA writing current and 320 C/cm 2 expose dose at 100 keV. Then, inductively coupled plasma etching (Oxford PlasmaLab System 180) was used to transfer the patterns from the ZEP resist to the silicon layer with a gas combination (12:15) of SF 6 and C 4 F 8 at 4 mTorr and 5 C. Finally, the 2 m thick buried oxide (BOX) layer was removed in hydrofluoric acid solution (20%) for 8 minutes to achieve a freestanding silicon membrane structure. A scanning electron microscope (SEM) image of the final structure is shown in Fig. 3(a) . The distribution of air hole radii can be described by a Gaussian distribution with mean value being 150 nm and standard deviation of 2 nm, as shown in Fig. 3(b) . The periodic constant is 524 nm. Fig. 3(a) shows the mean value of the slot width is 84 nm, or 0:16a.
The performance of an L n slot microcavity as a RI sensor was characterized by measuring continuous-wave light scattering under various gas atmospheres. The measurement system was based on the method of crossed-polarized resonant scattering [30] , as shown in Fig. 3(c) and (d). The sample was mounted in a gas cell with a quartz window. The sample's axis was orientated to the bisector of the angle formed by a polarizer and analyzer to obtain the maximum coupling effect. A tunable continuous wavelength laser ranging from 1495 nm to 1620 nm, with resolution of 1 pm (Santec, TSL 510), was focused on the sample by a NA ¼ 0:65 IR objective lens (Olympus, LMPLAN IR 50Â). The backward scattered light from the sample was collected by a beam splitter and analyzed by the analyzer in crossed polarization. The signal was finally detected by a power meter (Yokogawa, AQ 2200-231). The working principle is that only the incoming frequency at the resonance of the cavity mode can interact with the xy -polarized cavity mode, and produce a y -polarized component in the reflected beam, which can pass through the analyzer and be revealed by the detector. The incident light should illuminate the whole cavity to obtain a Lorentzian line shape reflection peak [30] . With the increase of the cavity length n, the light spot has to be enlarged, and less light can interact with the cavity, therefore, the signal to noise ratio (SNR) is decreased rapidly. Taking full consideration of the SNR and DL, we found that when n ¼ 9, we can get the best results in our experiment. Therefore, we use the L 9 slot cavity as the basic geometry for gas sensing. The Q of the sample was obtained by fitting the reflection peak, as shown in Fig. 4 . Fig. 4(a) shows the measured Q and resonant wavelength for different L n slot microcavities. The results are in good agreement with simulation. For the L 3 slot microcavity, the measured Q is 2530 while the simulated one is 3160; for the L 9 slot PhC microcavity, the Q is 1:28 Â 10 5 in simulation and 3:0 Â 10 4 in experiment. That the measured Q is smaller than the simulated one is attributed to disorder-induced scattering loss [31] , and surface water absorption loss [32] . The reflection spectrum in Fig. 4(b) shows two well-separated resonant modes. The one with the higher Q is used for gas sensing.
During the test, the sample was exposed to different gases, such as nitrogen (N 2 , RI $ 1:000274), helium (He, RI $ 1:000036), carbon dioxide (CO 2 , RI $ 1:000411), and air ðRI $ 1:000269Þ [12] . The RI values were recalculated for ¼ 1515 nm at atmospheric pressure and room temperature 20 C using the ideal gas model [33] . The flow rate of gases was set to 2 sccm by a digital gas mass flow controller (Sevenstar, Inc., MFC CS-200). Before testing, the gas cell was pumped to vacuum to ensure gas purity and avoid the influence of humidity. Moreover, the measurement-was conducted in the shortest possible time to minimize resonance shift due to progressive oxidation [12] . For accuracy and repeatability, each measurement was repeated five times.
The experimental results of the L 9 slot microcavity are presented in Fig. 5 and Table 1 . Fig. 5 (a) shows the reflection spectra of the cavity exposed in He, air, N 2 and CO 2 respectively. The average Q is 3:29 Â 10 4 . Fig. 5(b) illustrates the simulated and experimental relationship between the resonant wavelength shifts and the gas RI, where the simulated and experimental results agree very well. The sensitivity is 417 nm/RIU in simulation and 421 nm/RIU in experiment. Using the definition in Ref. [25] , with signal to noise ratio (SNR) of 34.9 dB under 0.063 mW excitation power, the detection limit of this device is estimated to be 1:0 Â 10 À5 RIU. Compared to other results listed in Table 1 , the L n slot microcavity sensor is one of the best sensors. We also note that the L n microcavity sensor has a high tolerance to fabrication defects, originating from the fact that the microcavity with high Q is not dependent on fine geometrical tunings. In all of the experiments, a 2 nm mean deviation is introduced to the hole size. Usually, such a big deviation is not allowed in a fine tuned PhC cavity, and will seriously degrade its Q [17] , [27] , whereas our experimental Q only dropped to 25% of the simulated value. We discuss the effect of geometrical perturbations in more detail in the following section.
Discussion
For the sake of brevity, we focus on an L 9 slot microcavity with a slot width of 84 nm according to the experiment. The structure parameters are perturbed by a random deviation and expressed as M ¼ M 0 þ A [27] , where M 0 is the ideal value of air hole radii or position or slot width, A is the maximum deviation, is a random value varying between À1 to 1. In [27] , [34] , A is about 1 nm from the statistical study of SEM, while the standard deviations of air hole radii and slot width in this paper are about 2.0 nm. Since the positions of the air holes are hard to determine accurately [34] , we assume the maximum deviation of positions to be the same as the maximum deviation of radii, namely 2.0 nm. To make our simulation results more reasonable, here we choose A ¼ 2:5 nm for all the deviations mentioned above. Fig. 6 Fig. 6(a) , the sensitivity of the 10 perturbed patterns only fluctuates AE2.1% from the standard one (the black dashed line). So the influence of deviation on sensitivity is quite small.
The squared electric field distributions of the cavity mode without and with perturbation (the 8th fluctuated pattern) are plotted in Fig. 6(b) and (c), respectively. It is clear that in both cases, the majority of the electric-field is localized in the slot region. Considering the electric-field on the slab surface [27] , the ratio of squared electric-field in the slot region to the total squared electric-field is 39.6% for the structure without deviation, and 44.3% for the structure with deviation. Fig. 6 (e) and (f) show the absolute value of the spatial Fourier transform of E y on a log scale without and with perturbation. The white circles represent the light cone. We can see that the main field components in k space for the microcavity modes are hardly deformed by the nanometer scale variations. As the fraction of the field in the light cone defines the Q of the microcavity [27] , it is obvious that this quantity doesn't change much after perturbation, so the Q of the structure still remains high ð> 6:7 Â 10 4 Þ. In Fig. 6(d) , the average Q of the structures with random deviations is 9:06 Â 10 4 (the red dashed line), approximately 70.6% of the standard one (the red solid line). As the design itself does not contain any sensitive factors which relate to position or size of the holes, the structure retains good performance even after several nanometer fabrication fluctuations. According to coupled mode theory, the measured quality factor Q total is 1=Q total ¼ 1=Q int rinsic þ 1=Q disorder [35] , [36] , where Q int rinsic is the Q in the absence of disorder, and Q disorder is associated with disorder induced losses. Hence, this perturbation will have a dramatic effect if the Q factor is larger than 1 million [36] , even though, for the fine tuned L 3 PhC cavity with medium Q around 10 5 , an average Q reduces to 44.6% with the standard deviation of 2.5 nm [36] . Compared to our results, it is obvious that the L 9 slot cavity will still work even if the fabrication isn't perfect.
Conclusion
In this paper, we propose a gas sensor based on the L n ðn > 3Þ slot microcavity. This device possesses both high Q and sensitivity without sophisticated geometrical turning. The high sensitivity is caused by the air slot in the cavity, which enlarges the overlap region between the cavity mode and the gas, while the high Q comes from a relatively large cavity length. Since our design is not based on geometrical tuning, the sensor has a high fabrication tolerance. The sensitivity only fluctuates AE1.7% for different slot widths ranging from 68 nm to 105 nm. We experimentally demonstrated an L 9 slot microcavity with Q exceeding 3:0 Â 10 4 , S $ 421 nm/RIU, and DL $ 1:0 Â 10 À5 RIU, which is the best result for non-heterostructure PhC sensors. Moreover, the L 9 slot microcavity is not sensitive to geometrical perturbation. Even for perturbations as large as 2.5 nm, the device can still retain high Q (70% of original one) and stable sensitivity (fluctuations within AE2.1% of original one) which is better than other finely designed structures. Due to the small size, high fabrication tolerance, and good sensing characteristics, the L n slot microcavity has great potential in on-chip sensing.
